Objectives: The objectives of this study were to compare the fracture resistance of simulated human immature teeth that have undergone mineral trioxide aggregate (MTA) apexification and have been rootfilled with fiber post, composite resin, MTA, or guttapercha. Methods: Fifty-six human permanent maxillary incisors were selected. Ten teeth received no treatment (intact teeth group). The root canals of 46 teeth were prepared to an internal diameter of 1.75 mm. Six teeth were used as simulated immature teeth group. The remaining teeth received MTA apexification and were divided into 4 groups: MTA, fiber post, composite resin, and gutta-percha groups. The root canals of each group were filled with each test material. All teeth were thermocycled and received cyclic loading before compression testing by an Instron universal testing machine. The load to fracture was recorded. Data were subjected to statistical analysis by using one-way analysis of variance and Tukey multiple comparison test. Results: All teeth fractured at the cervical area of the root. The mean load to fracture of the intact tooth, MTA, fiber post, composite resin, gutta-percha, and the simulated immature tooth groups was 1988 N, 1921 N, 1691 N, 1623 N, 1476 N, and 962 N, respectively. Statistically, load to fracture of the simulated immature tooth group was significantly lower than in the intact tooth, MTA, fiber post, and composite resin groups but was not significantly different from the gutta-percha group. Conclusions: Within the limit of this study, after MTA apexification, intraradicular reinforcement with MTA, fiber post, or composite resin increased the fracture resistance of simulated immature teeth. (J Endod 2018;44:163-167) 
M
ineral trioxide aggregate (MTA) apexification has been considered as an effective treatment for non-vital immature permanent teeth. It involves disinfection of root canal and sealing the root canal with apical MTA barrier along with root-filling materials. However, the capacity of these procedures to strengthen the thin and weak root is questionable (1) . Recent studies showed that failure of MTA apexified teeth was associated with root fracture (1, 2) . Therefore, the fate of immature teeth after the MTA apexification relies partly on the integrity of the remaining tooth structure and the permanent restoration. Ultimately, the restoration of immature teeth after MTA apexification should strengthen the weak root and maintain the tooth in function.
The concept of intraradicular reinforcement of immature teeth after MTA apexification has been in focus. Increasing the fracture resistance of immature root should minimize the incidence of root fracture, especially cervical root fracture in incisors (3) . Several materials including resin-based root filling (4), composite resin (5, 6), MTA (5, 7) , and post (8, 9) have been investigated for the reinforcing effect in bovine (6, 10) or human teeth (8, 9) under various simulated clinical conditions. The strength of the teeth was measured in terms of fracture resistance when tested teeth were subjected to compression test under static loading with an Instron testing machine. The promising results of root reinforcement with the use of adhesive materials and MTA have been demonstrated (11, 12) . However, there are disagreements in the findings among studies such as the reinforcement effect of composite resin (4, 7) .
Teeth are exposed to fluctuation of temperature and masticatory force during eating and drinking, which gradually affect the bond strength and flexural strength of the adhesive filling materials in the long term (8, 13) . The literature shows limited data on the effect of thermocycling and cyclic loading on the fracture resistance of immature teeth restored with various intraradicular filling materials. The purpose of this study was to evaluate fracture resistance after thermocycling and cyclic loading of simulated human immature teeth restored with MTA, composite resin, fiber post, or gutta-percha.
Materials and Methods
The study protocol was approved by the ethics committee of the Faculty of Dentistry, Chulalongkorn University (reference no 23/ 2013), Bangkok, Thailand. Human permanent maxillary central and lateral incisors were collected and stored in 0.5% chloramine-T. Under microscope examination (Carl Zeiss OPMI Proergo; Carl Zeiss Meditec AG, Jena, Germany), only teeth without resorptions, extensive caries, deformities, and crack or fracture line were included in this study.
Experimental and Control Groups
Fifty-six teeth were selected and randomly divided into 6 groups (n = 10 for each group except n = 6 for simulated immature group): group 1, intact teeth; group 2, simulated immature teeth; group 3, fiber post group; group 4, composite resin group; group 5, MTA group; and group 6, gutta-percha group. Teeth in the intact teeth group received no treatment. In the remaining teeth after the completion of access opening, root canals were enlarged by using TF Twisted Files (Sybron Endo, Glendora, CA) from size 25/.04 to 50/.04 and then followed by drilling the root canals with Peeso reamers from size 1 to 6 and Parapost drill with the diameter of 1.75 mm (Whaledent International, New York, NY). For teeth in the simulated immature group, the root canals were left unfilled. The access opening was restored with Premise composite resin (Kerr, Orange, CA).
MTA Apexification
The root canals of teeth in fiber post group, composite resin group, MTA group, and gutta-percha group were irrigated with 2.5% NaOCl and filled with UltraCal XS (Ultradent, South Jordan, UT). After 1 week, MTA (ProRoot MTA; Dentsply Tulsa Dental Specialties, Tulsa, OK) was prepared according to the manufacturer's instructions (3:1 powder/liquid ratio) and placed into the root canals with a messing gun (Endogun; Medidenta, Woodside, NY) to create a 4-mm thickness of MTA. After MTA apexification, teeth received intraradicular reinforcement with different materials, and the access opening was restored with Premise composite resin.
Intraradicular Reinforcement
In the fiber post group, the placement of size 4 UniCore quartz fiber post (Ultradent) in conjunction with the use of PermaFlo DC, a dual-cure composite luting/restorative material resin (Ultradent), was done following the manufacturer's instructions.
In the composite resin group, by following the manufacturer's instructions, root canals were backfilled with dual-cure PermaFlo DC from the MTA barrier to cementoenamel (CEJ) level.
In the MTA group, MTA was placed incrementally into the root canal to the level of CEJ.
In the gutta-percha group, root canal walls of teeth in group 6 were lightly coated with AH Plus sealer (Dentsply DeTrey GmbH, Konstanz, Germany) with a size 80 K-file, and then they received a gutta-percha backfill to the canal orifice by using an Obtura II (Obtura Spartan Endodontics, Algonquin, IL).
Thermocycling and Cyclic Loading
All teeth were thermocycled in Yamatake SDC20 temperature controller (Honeywell 4D5, Morris Plains, NJ) for 500 cycles at 5 C and 55
C with a 30-second dwell time and 5-second transfer time (6) . All teeth were inserted into polyvinyl rings and mounted in selfcuring acrylic resin (Dentsply GAC, Bohemia, NY) from the apex to the level of 2 mm below the CEJ. A jig as described by Tanalp et al (9) was prepared that allowed the fixation of the cylinders at an angle of 45 to the horizontal plane (Fig. 1) . The cyclic loading and static loading for fracture test were performed in an Instron universal testing machine (Instron Corp, Norwood, MA). All samples were subjected to 160,000 cycles at the force of 60 N and 5 Hz frequency (simulating 6 months of oral masticatory stresses) (14) . Load cycles were applied by using an attached stainless steel sphere 2 mm in diameter that contacts lingual surface of the tooth above the cingulum at an angle of 135 to the long axis of the tooth. After cyclic loading, teeth were stored in 0.5% chloramine-T at 37 C for a period of less than a week and were subjected to fracture testing.
Fracture Testing
A compressive load was applied at 135 to long axis of the tooth above the cingulum with a stainless steel chisel-shaped tip (Fig. 1) at a crosshead speed of 0.5 mm/min until fracture. Load to fracture of each sample was recorded in newtons, and fracture pattern was examined.
Statistical Analysis
Statistical analysis was performed with SPSS 17.0 (SPSS, Chicago, IL). The mean load to fracture value and standard deviation of each group were calculated. Data were analyzed by using one-way analysis of variance (ANOVA) and Tukey multiple comparison test to ascertain any significant differences between groups (P < .05).
Results
All teeth tested showed horizontal or oblique fracture through the cervical area of the root ( Fig. 2A-C) . Four of 10 teeth of the fiber post group showed oblique root fracture extending from cervical area to the middle third of the root (Fig. 2D-F) . The results of the compressive force test are shown in Figure 3 . The mean load to fracture of each group is presented in Table 1 . One-way ANOVA revealed significant difference among treatment groups. A post hoc test with Tukey multiple comparison test showed the following:
1. Load to fracture in the simulated immature teeth group was lower than in the intact teeth group. 2. The fiber post, composite resin, and MTA groups demonstrated higher fracture resistance in comparison with the simulated immature teeth group. angle to long axis of the tooth.
Basic Research-Technology 3. There was no significant difference in fracture resistance between the gutta-percha and the simulated immature teeth groups.
Discussion
An experiment protocol that simulates clinical conditions would be preferable. However, it is not practical to collect a large number of extracted human immature maxillary anterior teeth for the experiment. Several studies have shown that the enlargement of the internal diameter of the root canal of mature root to the size of 1.75 mm can mimic the morphology of the immature root (6) . The results of our study showed that the simulated immature root was weaker than in intact teeth, which suggests the validity of the experimental models. After access opening, tested teeth received a standard MTA apexification that involved irrigation of the root canal with 2.5% NaOCl and intracanal medication with calcium hydroxide for a week. Therefore, the possible weakening effect on tooth structure from these disinfection procedures (15) was exerted on the tested teeth. Thermocycling and cyclic loading were applied to the tested teeth to simulate the changing of temperature and masticatory force in the oral cavity while eating and drinking (16) . Similar to other studies, the loading angle of 135 was used to simulate a load occurring at the lingual area of an upper anterior tooth (6, 9) . A flaw in this experimental study is that various confounding factors could not be completely controlled. For example, with careful selection of extracted teeth samples, we observed among the tested teeth slight variations in tooth dimension and tooth morphology. The bias in tooth selection was minimized by random assignment of tested teeth to each group. In our pilot study, an attempt was made to simulate the cushion effect of periodontal ligament by using polyether impression material, but we found the following: Therefore, to eliminate the variable that would result, we decided not to simulate periodontal ligament.
Pulpless immature anterior teeth are highly susceptible to cervical root fracture (3) . In this study, all teeth tested fractured horizontally or obliquely at the cervical area of the root. The unfavorable fracture was observed in 4 of 10 teeth of the fiber post group. Similar to other studies, the unfavorable fracture was observed in teeth restored with fiber post in the experimental studies (8, 17) and clinical studies (18) . The incidence of unfavorable fracture was higher with the root with thin wall (17) . MTA apexification and root filling with gutta-percha and AH Plus sealer did not provide increased strength to the simulated immature teeth; this agrees with other studies (4, 6, 19) . The explanation may be that gutta-percha has a much lower modulus of elasticity in comparison with dentin, 0.074-0.079 and 14.0-18 GPa, respectively (20) . Filling the access cavity with composite resin does not provide reinforcement effect to the cervical area of the root.
The concept of intraradicular reinforcement of immature teeth has lately gained favor. Instead of creating a 4-mm-thick layer of MTA as an apical barrier, several researchers have proposed the filling of the entire root canal with MTA (5, 6, 10). The rationale is that the modulus of elasticity of MTA (15-30 GPa) is not lower than dentin (14.0-18.6 GPa) (20) . Formation of a hydroxyapatite-like layer has been found between MTA and dentin, which suggests the chemical bonding between them (21). The results of our study were in agreement with several studies (5, 22) that showed that filling the entire root canal with MTA can increase fracture resistance of simulated immature teeth. Literature shows that the use of composite resin as a rootfilling material can strengthen the immature root (5, 7). In this study, placing PermaFloDC, a flowable composite, into root canal against an MTA apical barrier provided increased fracture resistance in simulated immature root. In terms of fracture resistance, just as in other studies (5, 6), we could not detect any statistically significant difference between using MTA and flowable composite resin as an intracanal filling. If esthetics is a concern, MTA may not be the material of choice because it can cause tooth discoloration (23) . However, these intraradicular techniques are not suitable in cases where a post is required for permanent restoration.
Do posts reinforce teeth? The American Association of Endodontists has recommended that posts should only be used to retain core buildups (24) . However, attention has turned toward using intraradicular posts in immature teeth. The fiber post has gained favor because it provides good esthetics and has the same modulus of elasticity (17.5-21.6 GPa) as dentin (14.0-18.6 GPa) (20) . The capacity of fiber post to reinforce immature root has been investigated by several researchers (6, 8, 16) . Tanalp et al (9) demonstrated that the immature root can be strengthened by restoring with UniCore fiber post in combination with Permaflo DC (composite/luting resin), which supports the results of our study. This technique combines the beneficial effect of composite resin with that of fiber posts. Any extra space around the fiber post can allow for an increased thickness of composite material, resulting in increased strengthening of the root (6, 13) .
The benefit of applying thermocycling and cyclic loading to the tested teeth is that the clinical situation is simulated. Schmoldt et al (6) applied thermocycling on tested teeth before compression testing, and the results showed that teeth restored with either MTA or composite resin were not stronger than those with gutta-percha, which was similar to our study. The decrease of the flexural strength of composite resin was observed after thermocycling (25) . Moreover, bonding of adhesive materials in the root canal might be compromised because of several limitations such as difficulty of moisture control and issues relating to light activation. Bishop et al (26) demonstrated that the functional loading had a great impact on the seal of the root-filling materials. Cyclic loading caused MTA disintegration when the entire root canal was filled with MTA (27) . This may partly explain why there is no significant difference of strength between the MTA and the gutta-percha groups in our study. There is disagreement in the findings regarding the increased fracture resistance with the use of fiber post (6, 9) . Thermocycling and cyclic loading cause the reduction of fracture strength of the fiber post in the range of 20%-30% (8, 13, 28) , which may be from the weakening of the fiber/matrix interface and/or lengthening of a crack in the material because of the repeated load (28) . This supports our observation that fracture resistance between the fiber post and the gutta-percha groups was not significantly different. However, in the oral cavity, there are other factors apart from the fluctuation of temperature and masticatory force that affect the function of treated teeth. These include the position of the tooth and patients' clenching habits, which cannot be simulated in the experimental study. To answer the question whether the intracanal reinforcement can strengthen the weak root, we require the data not only from the in vitro studies but also the good quality long-term clinical study. Recently, Ree and Schwartz (29) showed that immature teeth treated with MTA apexification could be strengthened by the use of intraradicular reinforcement with adhesive materials. The treated teeth healed and remained in function for up to 15 years with no fracture. This highlights the importance of the reinforcement of the immature roots to promote the function of treated teeth in the long term. Moreover, randomized controlled trial study will provide useful information as to which technique or material should be used to strengthen the immature root. Mean values represented with similar upper case letters are significantly different (P < .05). *Fiber post/immature, P = .01. †
Composite resin/immature, P = .02. ‡ MTA/immature, P = .00. § Intact/immature, P = .00.
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Within the limitations of this study, after MTA apexification, intraradicular reinforcement with MTA, fiber post, or composite resin significantly increased the fracture resistance of simulated immature teeth.
